Ultrasensitive magnetic field detection is utilized in the fields of science, medicine and industry.
Sensing ultra-low magnetic fields has various applications, such as magnetoencephalography (MEG) [1] , magnetocardiography (MCG) [2] , ultra-low-field nuclear magnetic resonance [3] and magnetic resonance imaging (ULF MRI) [4] [5] [6] , exploration of magnetic minerals [7] and a wide range of other scientific purposes. The most established method has been to use low critical temperature superconducting quantum interference devices (SQUIDs) [8, 9] featuring field sensitivity in the fT/Hz 1/2 regime or below, although also other techniques exist [10] [11] [12] [13] . We describe a new magnetometer based on the current non-linearity of superconducting material. The non-linearity stems from kinetic inductance, which during the last decade has been actively pursued in the fields of submillimeter-wave detection [14, 15] and parametric amplification [16] . Different versions of magnetometers based on kinetic inductance have been reported previously [17] [18] [19] . Yet, the best reported field sensitivities have been in the order of pT/Hz 1/2 [18] . The benefit of our approach is extreme simplicity:
the device is fabricated from a single layer of niobium nitride. Furthermore, radio frequency multiplexing techniques [20] can be applied, enabling the simultaneous readout of multiple sensors, which is essential, e.g., in biomagnetic measurements requiring data from large sensor arrays [21] . We demonstrate a device achieving field sensitivity in the fT/Hz 1/2 range and a wide dynamic range without feedback.
Consider a superonducting loop composed of thin film with thickness h and linewidth w. When h λ, the current density J s can be assumed to be homogeneous within the cross-section and the magnetic flux quantization through the ring reads
where λ is the magnetic penetration depth, I s =J s wh the shielding current, Φ a the applied magnetic flux, m an integer and Φ 0 = 2.07 fWb the flux quantum. Unlike the geometric inductance L g that is associated with the magnetic field of the ring, the kinetic inductance L k =µ 0 λ 2 l/wh (µ 0 is the vacuum permeability and l the length of the loop) stems from the motion of the Cooper pairs. Kinetic inductance becomes non-linear with respect to shielding current I s as the kinetic energy approaches the depairing energy of the Cooper pairs [16, 22] .
With sufficiently small I s , the non-linearity assumes a form
The magnetic flux Φ a applied through the loop (inductance L = L g + L k ) generates a shielding current I s according to Equation (1), which in turn modifies the inductance of the loop through Equation (2), revealing the operation principle behind the kinetic inductance magnetometer. Figure 1a shows a practical realization of such a device in planar geometry along with the simplified measurement setup depicted in Figure 1b . A square-shaped superconducting loop (width W = 20 mm) has been fabricated from thin film NbN (critical temperature T C = 14 K). An interdigital capacitor C is arranged in parallel with the loop, and the formed resonator is further coupled to a transmission line (characteristic impedance Z 0 = 50 Ω) with a matching capacitor C c . The inductance change is now read out by measuring the transmission S 21 through the resonator. Below we quantify the magnetic bias and excitation as an average orthogonal field B 0 = Φ a /A with A the surface area of the loop.
The impedance Z of the capacitively coupled resonator near the resonance frequency ω
assuming Q i 1. Here Q i is the intrinsic quality factor describing the superconductor
) the coupling quality factor and the inductance L tot = L/4+L par contains the contributions from the loop inductance and parasitics. Differentiating Equations (1)-(3), enables the calculation of the device responsitivity ∂vout ∂B , where v out is the output voltage of the transmission measurement (see Figure 1c) . The responsitivity is an imaginary quantity at resonance and can be approximated as
where the resonator is excited with a voltage v in and the total quality factor Q t along with the inductance L tot are functions of the bias current I s .
Ultimately, the device gain is limited by the excitation v in generating an RF current
In the limit i L = 2(I c − I s ), where the factor of two stems from the loop geometry, the magnetometer is driven to the normal state and the maximum gain for a given bias current I s becomes 
The generation-recombination of the charge carriers, on the other hand, leads them to fluctuate according to spectral density S qp (ω) = 4N qp τ r /(1 + (ωτ r ) 2 ), where
is the number of quasiparticles in the superconductor volume V and τ r the quasiparticle recombination time [23] . The field noise due to the generation-recombination process can be evaluated in the low-frequency limit ω 1/τ r as (see Supplement material)
where n s and n qp are the densities of Cooper pairs and quasiparticles, respectively. The quadratic fit of d gives L k0 = 220 nH and I * = 38 mA for the kinetic inductance.
As discovered from Equation (3), the impedance Z of the resonator reaches a real value Figure 2a . As the applied field B 0 , and consequently I s (assuming m = 0), is adjusted between zero and a maximum value, the resonance dip f 0 shifts between points O and P, respectively. When I s is driven above I c = 10 mA (point P), the integer m assumes a new value and the current I s resets according to Equation (1) .
For most of our devices, I s drops close to zero after exceeding the critical current and the resonance dip hops back from state P to state O. As the external field is changed further, the resonance frequency f 0 starts again the approach towards point P.
The decrease of Cooper pair density with growing I s degrades the intrinsic quality factor Q i of the device and enhances the resonator inductance L tot due to the kinetic term given by Equation (2) . affecting the result were identified. One such mechanism is the white background noise originating from readout amplifier and the excitation source (see the Supplement for details).
The contribution of these sources was determined by choosing a bias frequency slightly off- . Furthermore, the generation-recombination noise from Equation (7) was estimated to be negligible, i.e., 0.03 fT/Hz 1/2 . Therefore, by improving the electronics one should be able to reach a field sensitivity comparable with SQUID based magnetometers, even with our first non-optimized devices. 
Transmission measurements
The field dependency of the device shown in Figure 2 was characterized in transmission measurements. The bias field was varied by tuning the DC voltage supplied through resistors 2R 1 = 300 Ω and recording the corresponding transmission spectra with a network analyzer.
The spectra were then used for fitting the transmission S 21 = 2v out /v in = 2Z/(2Z + Z 0 ) (see Figure 1c) , where the complete impedance of the capacitively coupled resonator 
Responsitivity measurements
The device responsivities G tot dV /dB were measured with the setup of Figure 5a . RF generators provide signals for excitation v RF = v 0,RF sin(ω RF t) of the resonator as well for a reference v LO = v 0,LO sin(ω LO t + φ) of the mixer. The transmitted signal is amplified at room temperature with a low-noise amplifier and mixed down to DC (ω LO = ω RF ). The DC signal is low-pass filtered, amplified and, finally, Fourier transformed to frequency domain.
An attenuator (-40 dB) was placed at low temperature end of the input to reduce the noise originating from the room-temperature electronics and wiring.
The phase φ of the local oscillator was first tuned to a value φ = φ max providing a maximum response at a given resonance frequency f 0 . At this operating point, the mixing yields a quadrature (Q) component of the signal for φ = φ max and an in-phase (I) component for φ = φ max -π/2. Using this strategy, the data shown in Figure 3 was measured. The RMS value of the carrier signal v 0,RF / √ 2 was set to 0.88 V corresponding to v in = v 0,RF /(100 √ 2) = 8.8 mV after the attenuator. Fitting was performed to measured data using functions
with G tot and I s selected as fitting parameters. Here transmission S 21 was computed using the fits of Figure 2c and the total voltage gain G tot = GL mix L att includes contributions from the amplifiers G, and the losses due to mixing L mix and other attenuation L att present in the setup. The bias current I s values for each plot are shown in the inset of Figure 3a and the total gain G tot = 1250±60, which is close to the nominal gain G nom = 1120 assuming G = 70 dB, L mix = -7 dB and L att = -2 dB.
Noise measurements
For the noise measurements, the measurement setup was modified in the following ways, The stochastics of the RF excitation may also contribute. To eliminate the effect of phase noise, we used the same frequency source for both the carrier and the local oscillator. In our RF operating point at the bias frequency corresponding to the transmission minimum, the I-component responsivity is zero and the output is to first order insensitive to RF amplitude fluctuations. However, the inductance non-linearity partially rectifies the RF excitation signal. In Equation (2), the RF excitation current in the magnetometer loop can be contained by additional current term (i L /2) sin(ωt), where the factor of 1/2 stems from the fact that the current is divided into two branches. Thus, generalizing
I s by I s in Equation (2) and omiting extra RF terms, we get
If there now exists RF amplitude fluctuation S i L , it can be mapped to equivalent magnetic field noise S
iL , which is readily expressed as
Now the relative fluctuation S 
Generation-recombination noise
We derive the equivalent magnetic field noise S B,gr stemming from the quasiparticle
, where we approximate n s ≈ n, i.e., a majority of the charge carriers is paired. The inductance fluctuation is de-
r . Thus, the generation-recombination noise depends on parameters n s , n qp and τ r . As noted above, we assume that the paired carrier density n s approximately equals the total density n of electrons, i.e., n s ≈ n ∼ 10 29 1/m 3 [25] . For our NbN films, the Cooper pair density is empirically found to follow relation n s /(n s + n qp ) = 1 − (T /T C ) 2.5 [15] . Using this combined with the relation of the intrinsic quality factor Q i = n s /(n qp ω 0 τ qp ), where τ qp is the quasiparticle thermalization time with a superconductor lattice, and the data shown in Figure 2c , gives n qp /n s ≈ 0.1. The recombination time can be expressed as [23] 
where τ 0 is material-dependent electron-phonon interaction time and ∆ is the energy gap of the superconductor. For NbN, an empirical relation τ 0 [s] = 5×10 −10 T [K] −1.6 is typically found valid [26] leading to τ 0 ≈ 50 ps. The zero-temperature energy gap for NbN is ∆ = 2.5 meV [24] . Although this is likely somewhat suppressed at the operating point, it will give a worst-case estimate for the noise. Finally, we get τ r ≈ 1.5 ns and S using dL/dB ≈ 2 mH/T at operating point.
Calibration of mutual inductances
A square-shaped two-turn PCB coil (inductance L 1 ) and an on-chip superconducting coil (inductance L 2 ) were arranged around the sample to introduce magnetic bias and calibration fields. The mutual inductance M 1 between the magnetometer and the off-chip coil was evaluated using the analytic formula of magnetic field around a straight wire of finite length
where the current I flows from one end (point A) of the wire to the other (point B) and the magnetic field is calculated a distance r away from the wire (point C) defined by the The result was k = M 2 /M 1 = 3.2±0.1 leading to M 2 = 157±14 nH. Again, the calibration seems to be accurate as discovered from responsitivity measurements with G tot ≈ G nom , see
above.
